Introduction
Atmospheric wavelike structures, with a large variety of scales and properties, affect the dynamics of the atmosphere from local meteorology to global circulation (Chao et al. 2009 ). They mainly ensure the vertical coupling among atmospheric layers from the troposphere through vertical transport of momentum and chemical constituents.
The role of (1) stratosphere-troposphere coupling and (2) stratospheric dynamics and its variability on climate Abstract Recent numerical studies in stratospheric dynamics and its variability as well as climate, have highlighted the need of more observational analyses to improve simulation of the West African monsoon (WAM). In this paper, activity and spectral characteristics of short-scale vertical waves (wavelengths <4 km) are analysed in equatorial coastal and tropical lower stratosphere during the WAM. A first detailed description of such waves over West Africa is derived from high-resolution vertical profiles of temperature and horizontal wind obtained during Intensive Observation Period of the African Monsoon Multidisciplinary Analyses (AMMA) Campaign 2006. Monthly variation of wave energy density is revealed to trace the progression of the inter-tropical convergence zone (ITCZ) over West Africa. Mesoscale inertia gravity-waves structures with vertical and horizontal wavelengths of 1.5-2.5 and 400-1100 km respectively and intrinsic frequencies of 1.1-2.2 f or periods <2 days This paper is a contribution to the special issue on West African climate decadal variability and its modeling, consisting of papers from the West African Monsoon Modeling and Evaluation (WAMME) and the African Multidisciplinary Monsoon Analyses (AMMA) projects, and coordinated by Yongkang Xue, Serge Janicot, and William Lau. has been highlighted in many recent studies (Gerber et al. 2012; Schirber et al. 2015) . The mean state and the variability of the stratosphere affect the tropospheric climate as well as interactions between the tropical troposphere and the mid-latitudes. Maury et al. (2013) recently simulate the tropospheric equatorial variability and stratospheric equatorial waves of the pre-industrial 1000-years using the IPSLCM5 model; the authors point out a misrepresentation of the nature of coupled convectively equatorial waves and the need to have many long-time series data sets. Unlike large-scale equatorial waves, unresolved-scale convective Gravity waves (GWs) suffer from robust parameterization in atmospheric general climate models in order to simulate the quasi-biennial oscillation (QBO) with both realistic periods and amplitudes (Dunkerton 1997; Sato and Dunkerton 1997; Alexander and Holton 1997; Kawatani et al. 2010a, b) . Chemistry-climate models also use several GW parameterizations to adjust their stratospheric circulation for accurate simulation of ozone chemistry (Alexander et al. 2010 ). Nevertheless differences between simulation and observations reveal that improving modeling of multiscale stratospheric waves and their relative contribution is still needed (Xue et al. 2012) . Thus Stratospheric Processes and their Role in Climate (SPARC) is a core project of the World Climate Research Programme. Long time-series observations and their interpretation are also required to improve GW parameterizations for realistic processes. In the tropical belt, many studies using data from ground-based instruments, radiosondes, aircrafts or satellites, investigate characteristics of atmospheric waves and their role in multi-scale convective processes and in atmospheric dynamics. The West African monsoon (WAM) system is a regional meteorological feature which affects the large scale dynamics as well as climate through multiscale interactions and processes (Cook and Vizy 2006) . Its establishment is characterized by the seasonal migration of the inter-tropical convergence zone (ITCZ), and a significant annual variation. General circulation models still show deficiencies in simulating the basic features of the WAM at intra-seasonal, seasonal and inter-annual timescales (Bielli et al. 2010) . Two keys for climate modeling are the reduction of wind biases with improved estimates of GW forces and the improvement for specifying GWs. To improve the wave-drag parametrizations in climate models, Le Sommer et al. (2006) propose a methodology based on ERA40 reanalysis validated with intensive radiosonde observations to quantify the space-time variability of large-scale inertia GWs in the tropical LS. Geller et al. (2013) suggest comparison of GW fluxes derived from models and observations to improve specifications of GW sources in climate models. Those authors compared radiosonde momentum flux, provided over North America by Wang et al. (2005) , to those derived from satellite observations and models.
One goal of this present study is to provide such data over West Africa in order to be compared to models. More recently, Kim and Chun (2015) estimate the wave forcing using four recent re-analyses. In particular, momentum of unresolved mesoscale GWs, deduced from the residual of the zonal wind tendency equation, suggests GW forcing as the dominant term during the QBO West-East phase.
In general, vertical wavelengths of stratospheric waves derived from satellite, GPS observations and global meteorological models, are greater than 4 km because of the vertical resolution of instruments and models. In addition the calculation of wave parameters from temperature perturbations only and, longitudinal and latitudinal averages, produce some biases in the variability of regional GW activity of short vertical scales (Sato et al. 2003; Zhang et al. 2012; Das and Pan 2013) . So using high-vertical resolution time series of temperature and wind profiles of radiosondes, GW studies could provide information about equatorial and tropical stratospheric waves, with vertical wavelengths shorter than 4 km, and their tropospheric sources (Tsuda et al. 1994a, b; Sato et al. 1994; Wada et al. 1999) .
This paper investigates equatorial and tropical (1) wave characteristics and energy densities during the Intensive Observation Period of AMMA Campaign 2006 in the lower stratosphere (LS) and (2) inter-annual variability of stratospheric wave energy densities in connection with the WAM and the quasi-biennial oscillation (QBO). The study is based on radiosonde data launched at six meteorological stations in the belt ranging from 4°N to 17°N and from 20°W to 10°E. Characteristics of low-frequency GWs, with vertical wavelengths less than 4 km and periods less than 8 days, are derived from the AMMA radiosonde data. The Wyoming upper-air data base also provides archived radiosonde profiles at these sites from January 2001 to December 2009; those profiles are used to derive long-term variability of stratospheric wave activity at these sites. The paper is organized as follow: Sect. 2 describes the datasets and the methodology for calculation of wave characteristics and energy densities. The meteorological context, the WAM, is described in Sect. 3. Characteristics of waves in tropical and equatorial regions in WAM 2006 are presented and discussed in Sect. 4. Section 5 deals with the inter-annual variability of wave activity. Finally, Sect. 6 gives the summary and the main conclusions.
Datasets and methodology

Datasets
Two datasets are used in this study. The first dataset, AMMA-2006, includes observations collected in 2006 during the AMMA campaign Parker et al. 2008; Nuret et al. 2008; Lebel et al. 2010) . During the WAM 2006, radiosondes (RS) were launched at six stations in a latitude range between 4°N and 17°N and a longitude range between 20°W and 10°E (Fig. 1 ). Stations at Douala and Abidjan are located in the equatorial areas and, at Bamako, Niamey, Dakar and Agadez in the tropical areas. Periods of observation for each station are mentioned in Table 1 . Temperature and horizontal wind profiles with high vertical resolution, i.e. 14 m, are available at least twice daily at 0000 UTC and 1200 UTC (Agustí-Panareda et al. 2010 ). The total number of RS available for all the stations is around 1246 at 1200 UTC and 1192 at 0000 UTC. After a selection based on the maximum altitude reached, availability of all parameters and data quality, the number of RS becomes 747 at 1200 UTC and 520 at 0000 UTC. Then only the time series at 1200 UTC is studied.
The second dataset comes from the Wyoming upper-air database, already used in Kafando et al. (2008) . Radiosonde profiles with a 300-m vertical resolution permit to produce a 9-year climatology of GW energy densities from January 2001 to December 2009 at the equatorial and tropical sites, Douala and Niamey, respectively.
Methodology and example
Data processing applied on vertical profiles of horizontal wind and temperature perturbations has been commonly used in the framework of the Stratospheric Processes And their Role in Climate (SPARC) initiative for climatological studies of low-frequency GWs (Allen and Vincent 1995; Vincent and Alexander 2000; Wang and Geller 2003; Chane-Ming et al. 2007) . GW characteristics and energy densities for waves with short vertical wavelengths of 1-4 km are computed at altitudes between 19 and 23 km in the LS above the tropopause height because more than 70 % of soundings at 1200 UTC reach the altitude of 23 km.
However a test on a set of profiles in the height range of 19-25 km leads to similar results than those obtained in the height range of 19-23 km.
Sounding profiles at 1200 UTC are first re-sampled with a 100-m interval height using a cubic spline interpolation at heights between 19 and 23 km. Then temperature are selected within +3σ of the mean yearly temperature and horizontal wind profiles within ±3σ of the mean monthly horizontal winds because of the seasonal variation of wind (Kafando et al. 2008) . A total of 747 vertical profiles among 1246 are selected in 2006 for the present study (Table 2) . Background profiles of temperature and horizontal winds are first derived from applying a second-order polynomial in the 19-23 km height interval. Then, the resulting background profiles are subtracted from original re-sampled profiles to produce perturbation profiles. Wave activity with shortvertical wavelengths is estimated using the total energy density (E T ) (Eq. 1) resulting from the sum of kinetic and potential energy densities, hereafter noted KE and PE respectively (Eq. 2).
U′, v′, T′ are respectively the perturbations of zonal and meridional winds, and temperature respectively. g is the gravitational constant, N is the buoyancy
and PE = Spectral characteristics of GWs are computed using conventional methods, described in Chane Ming et al. (2010) . They are based on the GW spectra theory, the rotary spectra and Stokes' parameter analyses (Vincent et al. 1997; Eckermann 1996) . Normalized temperature power spectral density is firstly computed by applying a Fast Fourier Transform (FFT) to temperature perturbation normalized by the temperature background. Then the spectrum is fitted to the modified-Desaubies model to extract dominant vertical wavenumber, m (VanZandt 1982; VanZandt and Fritts 1989; Desaubies 1976) . Fourier-based method of Stokes parameters provides intrinsic angular frequency (ω * ) and period of dominant GWs. Horizontal wavenumber (k h ) is then derived from linear relation of GW dispersion (Gill1982):
where f is the inertial frequency and N the buoyancy frequency.
Horizontal wavelength and phase speed are defined as:
The mean direction of horizontal propagation (Eq. 4) (clockwise from North) is computed from velocity and normalized temperature perturbations, using the Hilbert-transform of temperature perturbations (Vincent et al. 1997 ).
U′ and v′ are zonal and meridional wind perturbation respectively and T′ +90° is the value of temperature perturbation after shifting phase by +90° via the Hilbert transform.
In this study, unlike previous studies, GW parameters are first derived for each profile and monthly values are derived from median values.
For example, Fig. 2 ) in comparison with PE (2.3 J kg −1 ). Phase relations between zonal, meridional wind and temperature perturbations agree with linear GW polarization relations. Indeed the hodograph of the horizontal wind perturbation shows evidence of an elliptical structure with vertical wavelength of ~2.6 km at heights of 21 km. The axis ratio of horizontal wind perturbations is about 1.3 which corresponds to a quasi-inertial period of 1.7 days. Spectral characteristics indicate the presence of an inertia GW (IGW) with vertical and horizontal wavelengths of 2.1 and 1800 km respectively (Table 3 ). The fraction of upward energy propagation (Fup) is derived from the rotary spectra analysis which decomposes a motion in a plane into its clockwise and counter-clockwise rotating components (Vincent 1984) . A fraction of upward energy propagation (Fup) of 89 % suggests a tropospheric source of stratospheric GW.
Wave horizontal propagation is west-southwards with a horizontal phase speed of 11.9 m s ) at altitudes of 6-17 km. The steady meridional background wind behaviour above Niamey on 2 July 2006 allows IGWs generated in the troposphere with such a phase speed to propagate into the LS. Above altitudes of 22-23 km, wave amplitudes are smaller where the westward mean zonal wind decreases with height. A decrease in wave amplitude and vertical wavelength above the altitude of 21 km suggests the presence of a critical layer for such wave induced by the background wind. Thorncroft et al. (2011) describes the annual cycle of the WAM through five key phases in relation with the rainfall belt progression, associated to the ITCZ:
1. An oceanic phase between November and mid-April when the rain belt peaks at North of the Equator (∼1°N). 2. A coastal phase between mid-April and the end of June when rainfall distribution peaks over the African coast around 4°N. This phase is associated with an intensification of southerlies in the low troposphere which increases the coastal convergence and strengthens advection of moisture toward the coast and then inland. 3. There is a transitional phase from June to the first half of July, with weak convection and rainfall intensity decrease. Dry-air intrusions are proposed to explain the characteristics of this transitional phase and the onset date of monsoon (Flaounas et al. 2012 ). 4. A Sahelian phase takes place between mid-July and September when the rainfall peak is more intense and located in the Sahelian region around 10°N. During this period, a large anomaly of the West African Heat Low (WAHL) is detected over the Hoggar, inducing a strong convergent wind field anomaly, an increase of the monsoon flow and a northward anomaly in the position of the Inter Tropical Discontinuity (Lavaysse et al. 2009 ). 5. Then from mid-September, earlier or later according to the year, until November the rain belt of the ITCZ moves slowly back to the Guinea Gulf. During the Sahelian phase of the WAM in 2006, the monsoon winds are weaker than the long-term mean in June and increase later to produce stronger westerly inflow of moisture in August and September . Regarding climatology mean values, in 2006 the WAM onset occurs later with a 10-day delay because of an anomalous pattern of the atmospheric circulation during 10 days between 25 June and 3 July 2006 (Drobinski et al. 2009 ) and the monsoon still persists in September. Convective activity is near-normal but a large-scale rainfall excess occurs at a latitude of 15°N.
While the ITCZ progression follows the apparent sun motion, interactions with land, atmosphere and ocean perturb ITCZ evolution in addition to the topography. The WAHL and the Atlantic cold tongue play a major role in controlling the inland penetration of humidity and convection (Caniaux et al. 2011; Lavaysse et al. 2009; Okumura and Xie 2004) . Both the WAHL and the Atlantic cold tongue develop in spring and become hottest or coldest in summer, respectively. Climatological observations of WAHL from 1979 to 2001 indicate that from November to March, the WAHL is located in the eastern part of Africa, south of the Darfur Mountains centred around 8°N, 20°E. In April the WAHL begins to move north-westward to latitudes of 22°-27°N over the Sahara. It is found that the jump of the WAHL from its intermediate position (19°-22°N) -in the vicinity of Dakar-to its Saharan position (22°-27°N) coincides with the onset of the WAM. The jump occurs around 5 days before the climatological monsoon onset (Lavaysse et al. 2009 ).
The African Easterly Jet (AEJ) in the lower troposphere and the Tropical Easterly Jet (TEJ) in the upper troposphere(UT), near the tropopause, follow the same annual cycle with a displacement from the Gulf of Guinea region to North latitudes around 10°-15° during monsoon period in the West Africa region. The TEJ, located around 100-200 hPa (i.e. near the tropopause) and well extended Eastwards, starts to be observed during the transitional phase over West Africa (phase 3) and enhances in July and August (phase 4) as well as the convective activity above tropical area. In 2006, from July to August, the TEJ varies between −10 and −12 m s −1 and extends over West Africa and Westwards as far as 40°W. The TEJ becomes also larger in latitude and its intensity strengthens with values around −12 m s −1 in the tropical area and around −14 m s −1 above Douala. The retreat stage, phase 5, in September, above West Africa was characterized by the In the equatorial and tropical stratosphere the dominant dynamical feature is the QBO, alternate bands of westward and eastward zonal winds with a quasi-biennial periodicity (Baldwin et al. 2001) . The impact of QBO on the WAM remains unclear because WAM parameters, like precipitation, onset date… vary from year-to-year but not following the QBO periodicity. However convection in the troposphere during the WAM are likely to generate a broad spectrum of waves that propagate vertically to interact with the QBO by transporting and mostly depositing zonal momentum at stratospheric levels. Figure 3 shows over 9 years the zonal wind at Niamey, tropical site, and Douala, equatorial site. The QBO is evident on the equatorial site Douala. The annual variation of tropical stratospheric wind is filtered to derive the biannual variation. Contours on Fig. 3a also visualize the QBO E-Phases which are superimposed on the zonal wind variation above 19 km altitude above tropical site Niamey.
Description of convective structures above West Africa
Convection is the major source of short vertical scale waves during the WAM period as well as in other tropical and equatorial areas (Salby and Garcia 1987; Pandya and Alexander 1999; Mc-Landress et al. 2000; Berès et al. 2002) . Daily OLR data provided by NOAA satellites (Liebmann and Smith 1996) are used as a proxy to visualize spatiotemporal distribution of convective structures over West Africa tropical and equatorial areas from May to September 2006. OLR daily data are averaged over the two latitudinal belts, 2°-6°N and 10°-15°N, corresponding to equatorial and tropical area respectively (Fig. 4a, c) . (Fig. 4a) , minimum OLR values indicate dominant convective structures over equatorial region. The OLR data are band-pass filtered to preserve equatorial convective structures with inertial periods of 3-8 days. Indeed, several studies identified IGWs with periods between 3 and 8 days in the equatorial LS using radiosonde observations (Baldwin et al. 2001; Le Sommer et al. 2006) . Filtered OLR shows evidence of convective structures with periods of 3-8 days over the ocean from April to the end of June during the oceanic, coastal and transitional phases described in 43.1. After June the convection is more important on land above the surrounding area of Douala at longitude of 9.70°E (Fig. 4b) . A different behaviour is observed above Abidjan (3.94°W) for which deepest convective structures with 3-8 day periods are only localized in mid-April-June and weak convection from July to September.
In the tropical area, convective structures are observed in May in the interval 10°W-10°E and during the July-September period they are observed in the entire longitudinal belt (30°W-30°E) (Fig. 4c ). In the tropical area the highest inertial period being 2.27 days (at Bamako) so wave intrinsic periods are expected to be shorter or near 2.27 days. Thus the OLR is high-pass filtered to extract structures with intrinsic periods ≤3 days (Fig. 4d ). In July to September during the Sahelian phase, deep convection covers the land area, 20°W-30°E that includes the three tropical stations Dakar, Bamako and Niamey; Agadez in the Sahel being at the higher latitude, 17°N, not included in this figure. In the surrounding of Dakar (17.50°W) there is weak or no convection until the end of June over the ocean and on the coast; after June, Dakar is in the convective area towards the East of Dakar. Bamako (7.95°W) is in convective from mid-April to September whose intensity is higher from July to September. Niamey (2.16°E) is in a convection area only at the end of April and in June the convection is weak.
Characteristics of waves in 2006 4.1 West Africa tropical region
In the tropical LS during WAM, the QBO is superimposed on westward flow. At heights of 19-23 km, the zonal wind is westwards until August 2006 with an eastward shear while the QBO is in the W-phase (westerly) from March 2006 at 23 km height in the equatorial LS with eastward zonal winds (Fig. 3) . Above Niamey the zonal wind varies between −13 and −2.5 m s −1 at 21 km from May to September 2006.
Tropical stations, located at latitudes between 12.53°N and 16.96°N and longitudes between 2.16°E and 17.50°W in West Africa, have specific meteorological characteristics.
Bamako (12.53°N, 7.95°W) is located in the southwest of Mali on the banks of the Niger River in a basin surrounded by hills. The site is localized in the most southern part of the African Sahel and profits from a rather wet tropical climate with one dry season (from October/November to May/June) and a rainy season (from June to September/ October), the monsoon period.
Niamey (13.48°N, 2.16°E) is located in the south western region of Niger in a semi-arid tropical climate, the Sahel, with the town crossed by the Niger River. Its climate is characterized by two well-marked seasons. The dry season extends from October to April/May and is characterized by dust and sandstorms, and the absence of precipitations. The rainy season extends from June to September that is the monsoon period with strongest daily precipitations in July and in August.
Dakar (14.72°N, 17.5°W) is on the Atlantic coastline. Whereas this site is located in the Sahel, its advanced position in the Atlantic Ocean induces a microclimate of coastal type influenced by the ocean cooling and the monsoon winds. Two seasons are observed: a dry season, from November to May and a rainy season, from June/July to October, the monsoon period. The rainy season occurs with a delay of one month in comparison with the others sites located in the Sahel.
Agadez (16.96°N, 7.98°E) is in a dry region, the Sahel, close to the Aïr Mountains with few precipitations in July and August. This situation is the results of the WAHL, located North of Agadez at around 22°N, that has a significant impact on the West African monsoon and is also likely to impact convection and rainfall over the Sahel (Lavaysse et al. 2010) . Figure 5 shows seasonal variation of the OLR, E T , PE and KE above 4 tropical stations. For each station, the monthly median values and their first quartiles (error bar) are plotted for the OLR; while for the other parameters, E T , KE and PE, their monthly median and quartiles are computed over available profiles, indicated below the abscissa line. The superimposition of the E T , KE and PE seasonal variations of the 4 tropical sites (not shown) reveals a similar behaviour with maximum E T > 20 J kg −1 in August, an increase during the pre-onset of the monsoon, and lower values (<half of maximum values) during the dry season from October to April 2006. The low value in June, observed in Dakar, might be not significant considering the number of samples in June 4. However its climatology points out a similar delay for the rainy season beginning. The WAHL location, North of Dakar before moving to north east over the Hoggar, and the cold oceanic tongue, might explain the onset delay in Dakar by inhibiting the convection.
Wave energy densities
During the dry season, E T is varying between 4.6 ± 3.1 and 9.7 ± 5.0 J kg −1 . During the WAM, E T is maximum in July and August with amplitude ranging between 14.2 ± 3.9 and 23.1 ± 5.2 J kg −1 . Previous studies provide same order values during dry (winter) and wet (summer) season in the tropics ranging between 9-12 J kg
and, 12-26 J kg −1 respectively (Allen and Vincent 1995; Vincent and Alexander 2000; Chane-Ming et al. 2007; Kafando et al. 2008) .
During the WAM period, KE is the major contributor of the E T , (85-90 %) and low values of PE are observed throughout the year (~2-4 J kg ). The ratio p = KE/PE is higher than 2.5 and reaches around 4 in July and August; the expected value being in-between1 and 2 assuming GW total energy spectrum scaling at ω −5/3 . Hertzog et al. (2002) suggest that such high values of p are due to an enhancement of wave activity at near inertial frequencies.
The monthly OLR values are plotted on Fig. 5 over the four sites at a resolution of 2.5° × 2.5° latitude-longitude to complement the convection map over the this tropical area (Fig. 4c, d ). Strongest convection occurs from May to October in Bamako and Niamey, from July to October in Dakar. The clear anti-correlation between OLR and E T supports that the wave activity during the WAM is indeed related to the convection. The OLR seasonal variation in Agadez presents no evidence of local convection; its strong difference from the three other sites can be only explained by its location in the Sahel. However similar global behaviour of the seasonal variations of E T , KE and PE is observed and is explained by distant convective sources all over the tropical West Africa .
Contributions of wave energy density from other sources are considered minor in regards to convection during the WAM. Indeed the TEJ could produce some GWs during the (Plougonven et al. 2003) . The diurnal circulation cycle and/or the diurnal WAHL motion might generate "intermittent" mountain waves (Lothon et al. 2008; Lavaysse et al. 2009 ) because if the incident wind on the mountain range is not stationary the mountain waves are observed like "propagating" and intermittent waves (Caccia et al. 1997) .
The annual variation of wave energy densities is consistent and connected in time with the annual variation of the WAM. From the results obtained in the 4 tropical stations, we conclude that the annual variation of E T is very similar all over the following tropical rectangle-like zone, 13°-17°N latitude, 8°E-17.50°W longitude. Indeed, maximum wave activity is in July and August while the monsoon is over the tropical West Africa during the Sahelian phase. A relatively abrupt variation is observed during the monsoon onset due to an abrupt shift of the ITCZ whose date may fluctuate from one year to another around June 24 by 8 days (Sultan and Janicot 2003) . After September, the ITCZ and the WAHL move towards the equator to be located over the Gulf of Guinea and at 20°-30°E, respectively. The slow monsoon retreat from September explains the decrease of wave activity to low values to October.
Wave spectral parameters
Spectral characteristics of dominant GWs are computed for each profile from May to September in the LS at the altitude range of 19-23 km above for the 4 tropical sites.
Median values are gathered in Table 4 for individual stations. The wave energy densities being similar for all the 4 West Africa tropical stations, so histograms of the spectral characteristics are computed with all the data (Figs. 6, 7, 8) . GWs with short dominant vertical wavelengths, around 2.1 km, are observed above tropical LS. ω*/f ratios range between 1.1 and 2.2 for more than 75 % of the observations with a maximum of occurrences Figure 7 provides a median horizontal wavelength around 720 km with 75 % being less than 1100 km. Median value of the stations vary between 650 and 860 km (Table 4) All the observed waves are propagating upward from the troposphere, Fup > 79 %, (Tables 4, 6) with shallow angles to the horizontal as suggested by the ratio between vertical and horizontal wavelengths. Figure 8 points out horizontal directions of wave propagation, observed above the tropical area during the monsoon period, distributed in all the directions that imply distributed sources localized in random places in the monsoon zone. The median phase speed is less than 10 m s −1 with a median value around 8 m s −1 (Tables 4 and 6 ). As a matter of fact, the most probable sources are mesoscale convective systems, distributed all over West Africa ).
The anti-correlation between OLR and wave energy density, E T , supports that convection as the main source of short vertical scale waves. The quasi-isotropic distribution of horizontal propagation directions shows that no specific filtering is globally observed in the upper troposphere and/ or LS but it is not excluded that some individual waves are filtered or damped. The method of median provides dominant horizontal phase speeds with intensity <10 m s −1 .
Concluding remarks
Main results
In 2006, significant annual variations of the wave energy density are well correlated with the annual cycle of the WAM. Deep convection is the major source of such waves during the WAM period. Wave activity of short vertical wavelengths, less than 4 km, shows a maximum during July and August when the WAM is installed over the tropical West Africa. Wave spectral parameters confirm, as it is suggested by ratios KE/PE, that the major wave contribution is IGWs with vertical and horizontal scales of 1.4-2.2 km and 450-1100 km respectively. Their intrinsic frequencies, ω*, in-between 1.1 and 2.2 f or periods <2 days are observed in the tropical LS. Most of IGW energy propagates upward from the troposphere. The nearly isotropic distribution of horizontal directions of propagation means that no global background filtering of GWs is observed and supports convective wave sources well geographically distributed.
In the range of short vertical wavelengths, the major contributor of the total wave energy is the kinetic energy density, KE, which is revealed to be a good proxy of IGWs; PE presents no substantial variation in the presence of those waves. This behaviour seems to be characteristic of such waves whatever the latitudes (Hertzog et al. 2002) . As a consequence in this range of short vertical wavelengths and frequencies, E T cannot be re-constructed only from PE i.e. temperature observations because PE by itself cannot provide information on the seasonal wave variation. The estimates of E T , KE and PE for 9 years (2001-2009) will help to determine whether 2006 WAM with large p values is representative of tropical African wave activity or is a specific case. Above Gadanki (13.5°N, 79.2°E), the maximum in GW energy observed in the LS during Indian monsoon is attributed to the strong eastward shear (Ratnam et al. 2008; Nath et al. 2009) .
Intercomparison with other observations
PE values are also obtained from CHAMP/GPS radio occultation . A main difference is the vertical scale selected 10 km versus 4 km in this study. Then their results include both GWs and planetary waves. Over West Africa, the authors find large PE values in March and in December; those PE maxima correspond nor to our observations neither to expected seasonal variations of GWs related to deep convection, occurring in summer during the WAM. The 10 km vertical scale does not filter synoptic waves that may have large temperature fluctuations and PE observations may lead to biased wave energy, as shown in this study.
Equatorial region
In the equatorial LS the E-phase QBO (descending easterly wind) is at its end (Fig. 3b) . The shift to the W-phase (eastward winds) occurs in June and February at 19 and at 23 km respectively. Eastward shear is present during the period. The present study uses AMMA radiosonde observations over two equatorial sites: Douala and Abidjan. Douala (4.1°N, 9.45°E) is located in a wet equatorial zone in the gulf of Guinea at 30 km from the sea and near the forest. Its climate is characterized by two main seasons but four distinct periods can be distinguished during the year. The "less wet season" occurs from mid-November to the end of February (monthly precipitations spread between 140 and 50 mm). From March to the end of June, it is the period of large storms. March and April are the hottest period, tornadoes and squall lines multiply when monsoon pushes back towards North the continental air. From the end of June to mid-October, the true/real rain season takes place; July, August and September are the rainiest months (more than 700 mm per month). From mid-October to midNovember, a transition period is observed during which the large rains are spaced.
Abidjan (5.25°N, 3.94°W) is located in the south of Côte d'Ivoire, in the Gulf of Guinea and is crossed by the Ébrié lagoon. The climate is of subequatorial type (i.e. hot and wet) and is characterized by low amplitudes temperatures (the monthly mean maximum is 31 °C-from November to May and the monthly mean minimum is 22 °C-in August and September), a strong moisture (which reaches 80 %) and abundant precipitations (around 2000 mm in the year). Four seasons are observed: a dry and hot season from December to April during which some rains are observed (~26 mm); a season of large rains from May to July (maximum of precipitations occurred in June ~610 mm); a short dry season from August to September; a short season of rains from October to November (monthly mean precipitations is ~150 mm).
In Douala, the AMMA data are available from March 2006 until September 2006, however the Wyoming data are available all over the year. In Abidjan, only AMMA data are available during few months, July until September. Figure 9 shows seasonal variation of the OLR, PE, KE and E T above Douala. In regards to the tropical sites, the number of selected profiles per month is smaller which might produce some biases on energy density values. Monthly variations are different from the tropical ones. OLR is less than 250 W m −2 all over the year, except in December, and presents two minima around 200 W m −2 , in April and September. The equatorial annual cycle of E T above Doula shows evidence of strong values greater than 12 J kg −1 from January to August. E T maximum value, related to the first OLR minimum, is observed in May with a magnitude of 25.2 ± 5.3 J kg −1
Wave energy densities
. Then E T decreases after May. The number of data in August is 4 and makes its value not reliable, also in comparison with the value, 10 J kg −1 , obtained with more data, 11 instead of 4, from the Wyoming upperair database. The secondary peak, related to the other OLR minimum, is localized in September at both Douala and Abidjan sites. From October to December, E T values are around 8-9 J kg −1 . OLR values are of similar magnitudes in May and September (210 and 200 W m −2 ), respectively while there is a large difference of E T magnitude in May and September.
The second peak intensity is around half the intensity of the maximum in May in Douala. KE is the major contributor of the total energy density and PE has small values.
During the oceanic phase, when the OLR starts to be lower than 250 W m −2 , from January to April E T is around 14 J kg −1 , PE being around 3 J kg −1 . Wave activity becomes to be noticeable and might be produced by the "convective" ocean or during intrusions of rain and convection from the ocean onto the continent associated to surface wind accelerations (Leduc-Leballeur et al. 2011) . Then the period, mid-April to June, corresponds to the coastal phase i.e. the rain belt located around 4°N. A maximum of E T around 25 J kg −1 is observed in May. PE and KE show evident similar variation as opposed to observations above tropical sites. During this first maximum PE values increase and attain up to 7 J kg −1 (6.7 ± 0.8 J kg −1 ) in May co-localized with the peak of E T and KE. The contribution of KE to E T is less than 75 %, and the ratio p = KE/PE is around 1.5-2 from February to June, as expected from the GW spectrum. At the second peak, PE does not follow the KE variations and is small around 2-3 J kg −1
. The ratio KE/PE is greater than 2.2 and attains 3.4 in October. This situation looks like the tropical situation. This period, July to October corresponds to the Sahelian phase i.e. WAM and the retreat phase of the ITCZ towards the Gulf of Guinea. For Abidjan (from July to October) PE is similar to Douala and fluctuates between 2 and 4 J kg −1 but the contribution of KE to E T is higher (around 80 %).
In equatorial region, mixed equatorial waves such as Kelvin and Rossby-GW with shorter vertical wavelength less than 5 km, may contribute to energy densities. Indeed, Holton et al. (2001) observed in the range 20-25 km Kelvin waves with vertical wavelengths of 3-4.5 km corresponding to zonal wave number 4 above Nauru (0.5°S, 166.9°E). Some tests have been done and only two cases in May might have the characteristics of Kelvin and mixed Rossby-GW relative to the expected characteristics of temperature, zonal and meridional wind perturbations (Holton 1992) . Further studies in combination with satellite data will be performed.
Wave parameters at Douala (March-June 2006)
GW spectral parameters are computed from available radiosonde data in equatorial area during the WAM. Data at Abidjan are available for 3 months (July-September) and from March to September at Douala.
Assuming GW polarization relationships, Figs. 10 and 11 show occurrences of daily wave-spectral parameters for the equatorial area and Tables 5 and 6 provide the corresponding median values. Figure 10a presents histogram of the ratio ω * /f during the March-June period. The intrinsic frequencies, ω*, vary between 1.4 f (147.8 h or 6.2 days) to 4 f (43.6 h or 1.8 days) for around 80 % of the observations with a median value at 2.75 f (63.4 h or 2.6 days). Maximum period occurrences are between 1.8 and 6.2 days. The vertical wavelength is around 2.1 km. Figure 11 (March-June) shows horizontal wavelengths ranging between 200 and 2200 km i.e. 90 % of the observations with a median value of 1300 km. The fraction of upward energy fluxes is around 0.69 (median value) with a large dispersion in-between 0.58 and 0.8. During March to June, waves are found to propagate quasi-zonally, in eastward or westward zonal directions (42.4 % in eastward direction and 43.9 % in westward direction) (Fig. 12a) with a median phase velocity around 7 m s −1 . The ratio KE/PE in-between 1.5 and 2 corresponds to the expected value assuming GW total energy spectrum scaling at ω −5/3 .
Wave parameters in Abidjan and Douala (JulySeptember 2006)
From July to September, the behaviour looks like the tropical one with large KE/PE ratio. Over the equatorial area the median value of the intrinsic frequency for the dominant mode is 1.9 f with frequency in the range of 1.2 and 3.8 f (Fig. 10b) . Frequency median values are around 2 for Abidjan and 2.2 for Douala (Table 5) . Dominant periods of waves range between 50 h (1 days) and 86.11 h (4.6 days) at Abidjan and, 80.6 h (3.35 days) and 145.3 h (6 days) at Douala. The horizontal wavelength has a median value around 1500 km for Abidjan and 1800 km for Douala with a large range 200 km to 3200 km, 88 % of the observations (Table 5) and 1650 km for all data (Fig. 11b) . From July to September directions of propagation seems to be distributed in all the directions but a more pronounced quasi-zonally propagation is prominent (Fig. 12b) . Over Abidjan, in August directions of propagation are distributed in all the directions (figure not shown) and in September directions of propagation are quasi-zonally with a southward component; and with both northward and southward over Douala. In July, August and September the differences observed between Abidjan and Douala, especially for the wave directions of propagation may be due to their geographical situations relatively to the WAM location and their climatology; the ocean being South to Abidjan, and West to Douala; August and September being dry in Abidjan and still rainy in Douala.
The fraction of upward energy is 0.73 (median value) for Douala and 0.79 (median value) with a dispersion, 0.01 for Douala and 0.09 for Abidjan. These support that wave sources are mostly located in the troposphere. In comparison with observations in the tropical area, waves are observed in a larger range of periods due to the inertial periods and of horizontal wavelengths. Horizontal phase speeds are similar to tropical area whereas period and horizontal wavelength are longer than tropical ones. Indeed inertial periods are larger in the equatorial region than in the tropics. These are consistent with the presence of convective structures of 3-8 day periods (Fig. 4b) .
Concluding remarks
Main results
In 2006 two strong periods of convection are observed at equatorial sites related to the annual cycle of the WAM. They are accompanied with wave activity of short vertical scale waves. Short vertical scale waves have a strong activity during the first period i.e. during the coastal phase of the WAM peaking in May. A second peak of half intensity is observed in August-September during the transitional phase from the Sahelian to the oceanic phases.
During the coastal phase, March to June, IGWs with vertical and horizontal scales of 1.4-2.1 km and 830-1900 km with 1300 km the median value respectively and, the intrinsic frequencies, ω*, in-between 1.4 and 4 f or periods <6.2 days are observed in the equatorial LS. Around 69 % GW energy propagates upward from the troposphere. The distribution of horizontal directions of propagation is mainly zonal.
During the Sahelian phase, July to September, IGWs with vertical and horizontal scales of 1.4-2.1 km and 1100-2700 km with 1650 km the median value respectively and, the intrinsic frequencies, ω*, in-between 1.2 and 3 f or periods <6.2 days are observed in the equatorial LS. Around 76 % GW energy propagates upward from the troposphere. The distribution of horizontal directions of propagation differs from Abidjan to Douala due the difference in geographical location.
Both PE and KE are good indicators of short vertical scalewave activity during the coastal phase as opposed to the second period for which E T is mainly kinetic. Over Douala from May to July, horizontal direction of propagation is mostly distributed quasi-zonally. A large spectrum of horizontal wavelengths and periods are obtained. The clear identification of two cases of mixed equatorial waves suggests a possible contribution but minor of such waves in the analyzed equatorial wave energy densities.
In July, August and September, short vertical scale wave activity above Abidjan and Douala (only for July and September) is mainly produced by IGWs similar as observations above tropical stations but with larger horizontal wavelength i.e. several thousand km instead of several 100 km. There is also an energy enhancement of the spectrum at near-inertial frequencies. Vincent and Alexander (2000) noted similar difference in GW horizontal wavelengths at tropical and equatorial stations. Other observations with radiosondes were carried out in lower latitudes 7°S in Indonesia (Tsuda et al. 1994b ) and 10°S at Santa Cruz during TOGA/COARE (Karoly et al. 1996) . Vertical wavelengths vary in the same range around 2-3 km; and horizontal wavelengths also range between 1000 and 2000 km Indonesia (Tsuda et al. 1994b ).
Intercomparison with other observations
Tropical and equatorial momentum fluxes
Covariances u'T' +90° and v'T' +90° have been used to determine vertical fluxes of wave zonal and meridional momentum (Eq. 5) (Vincent et al. 1997; Vincent and Alexander 2000) .
the normalized temperature perturbation, u' and v' are zonal and meridional wind perturbation respectively, g is the gravitational constant, N is the buoyancy frequency and T' +90° is the value of temperature perturbation after shifting phase by +90° via Hilbert Transform.
(5)
Finally, taking into account the atmosphere density ρ 0 , the zonal momentum is defined as ρ 0 u ′ w ′ . Vertical flux of meridional momentum (ρ 0 v'w ′ ) is established in a similar manner. Overbars indicate an altitude average.
Daily height-averaged vertical fluxes of wave zonal and meridional momentum (ρ 0 u ′ w ′ and ρ 0 v'w ′ respectively) are derived from AMMA 2006.
Results during WAM 2006
Distributions of daily values of Fup and vertical fluxes of zonal momentum for 2006, show that the main vertical direction of zonal momentum flux propagation is upward (figure not shown). Above tropical sites, daily vertical fluxes of meridional momentum have weaker positive amplitudes as well as negative ones indicating both northward and southward direction of propagation. Above equatorial area (Douala), a nearly zero meridional momentum amplitude highlights that both northward and southward propagation are not extended as for tropical one (figure not shown) .
The set of Fig. 13 shows the monthly median values of E T superimposed to the vertical flux of zonal and meridional momentum in the tropical and equatorial LS. Above tropical and equatorial stations, the period of maximum E T matches the one of maximum vertical flux of zonal momentum in absolute value.
Thus in the tropical region, a seasonal variation is observed for upward flux of zonal momentum. The upward flux of the westward momentum (negative values) is prevailing from May-June to October or November i.e. during the WAM with a magnitude ranging from 8.5 mPa to 11 mPa. Upward flux of the eastward momentum occurs from January to April-May and after the WAM period i.e. after October-November. Its magnitude is less than 3.5 mPa, for all the sites. Over tropical region, an oscillation with weaker amplitude (around 2 mPa) of the upward flux of meridional momentum (ρ 0 v'w ′ ) from northwards (positive values) to southwards (negative values), is observed from January to April. Whereas upward flux of meridional momentum is different from one site to another, it is northwards with values between 2 and 8.5 mPa and observed from May to September during the WAM (period of strong E T ).
In the equatorial area due to a lack of data and too small number of points in August and November, the seasonal variation of the zonal momentum cannot be determined for the equatorial region (Douala). The minimum of the upward flux of the westward momentum is localized in May with the magnitude of 6.5 mPa. Above equatorial area upward fluxes of meridional momentum are positive i.e. northwards and strongest magnitudes are around 3 mPa. Temporal behaviour doesn't exhibit a clear variation in relation with E T as indicated for tropical area because of lack of data and of too small number of points.
Concluding remarks
The absolute values of zonal momentum derived from our observations (3.5-8.5 mPa) are higher than values derived from previous studies and are in relation with short period waves.
At Singapore (1.4°N/104°E) Sato and Dunkerton (1997) found from direct estimates for short period waves (<3 days) zonal momentum of around 1.5 mPa at 21 km during eastward and westward wind shear. In the tropics, Vincent and Alexander (2000) obtained in the altitude range 18-25 km a QBO-like variation of upward zonal fluxes with amplitude of about 1.5-2.5 mPa for IGWs with 20-25 h period; the corresponding meridional momentum is positive and smaller in magnitude (0.5 mPa). Zonal momentum of around 2 mPa is derived from space instruments (Ern et al. 2004 ). Vincent and Alexander (2000) hypothesize that differences in momentum magnitudes can be due to factors such as geographic location, wave periods, height ranges covered and waves types involved and the appropriate choice of frequency to compute momentum fluxes.
During the WAM 2006, in the tropical LS, the distribution of dominant directions of horizontal propagation looks like quasi-isotropic with more or less the same number of eastward and westward propagating waves, 139 and 125 (cf. Figure 8) . Convective structures are distributed in the entire tropical region leading to the presence of both eastward and westward momentum flux in the troposphere and in the LS. The westward momentum flux is prevailing with a maximum magnitude around 10 mPa. It means that the eastward propagating waves have less energy or are filtered in the troposphere. Berès et al. (2002) found such a westward asymmetry and propose at least two factors: (1) the strength of the convection at the developing and mature stage of the storm and (2) the difference between the wind above the storm and the storm's motion. More detailed studies have to be carried out for the West Africa cases.
Inter-annual variability of wave activity
It was shown in part 1 that GWs play a coupling role from the troposphere to the LS. Thus they interact with the QBO, the main tropical and equatorial stratospheric feature. In this second part the inter-annual variability of wave activity is determined over 9 years, from January 2001 to December 2009 in West Africa. Indeed climate modeling needs long term observations and analyses to constrain and to validate models. Several previous studies reveal that peaks of wave energy density vary from year-to-year with a bi-annual periodicity in the LS (Sato et al. 1994; Vincent and Alexander 2000; Shimizu and Tsuda 2001; Zhang et al. 2012 ). Wave energy densities are calculated for Niamey and Douala respectively by using dataset from the WyomingUniversity Upper-air observation. Time series describe the inter-annual variability of energy densities and the QBO impact on low frequency GW activity. Because of its coarse vertical resolution (300-m), the long-term dataset provides only energy densities, here examined.
Tropical region
Inter-annual variability
Annual and inter-annual variabilities are observed in the climatology of E T and KE above Niamey (Fig. 14a) with maximum values in June-September during the monsoon period and lower activity from October to April (dry season), as shown in Sect. 4.1.1. During the monsoon period, peak intensity varies from year-to-year between values higher than 18 J kg −1 and lower values in the range 10-14 J kg −1 . PE varies little between 1 and 4 J kg −1 . For the years of high values of E T i.e. 2002, 2004, 2006 and 2008, E T variations above Niamey are drawn together on Fig. 15a . Similar behaviour is observed with large wave activity around 20 J kg −1 during the monsoon period. The ratio KE/PE is higher than 3. In contrast low values of E T ranged between 10 and 15 J kg −1 are observed in 2001, 2003, 2005, 2007 and 2009 (cf . Fig. 15b ). For "odd" years there is no evidence of a common and characteristic behaviour of wave activity except in 2009 with a small increase of E T during the whole WAM period (maximum in September). No such periodicity is observed neither in OLR data nor in precipitations ). In conclusion, E T maxima present a two-year variation of density values with maximum peaks during even years. They are not related to WAM proxies such as OLR and precipitation. Thus strong wave filtering is likely to occur during the "odd"-year WAM periods.
Relationship with QBO
The QBO is observed in the equatorial and tropical LS (up to 25-27°N) (Baldwin et al. 2001) as Fig. 3 shows. during the WAM and E T peaks at the QBO E-to-W phase transitions with eastward shear. During the "odd" years, strong westward zonal wind of about 30 m s −1 is observed and E T maxima occur at the QBO W-to-E phase transitions with westward shear.
Concluding remarks
Main results
The inter-annual variation exhibits aquasi-2 year modulation of energy density maxima during the WAM period. Large values of energy density maxima are observed at the QBO W-E phase during even years. Seasonal variation of wave energy densities agrees well with the case study of 2006 using AMMA dataset from 2001 to 2009. During the WAM the ratio KE/PE is greater than 3 and supports that there is an energy enhancement around inertial frequency in the gravity-wave energy spectrum. In the "odd" years, energy density maxima occur during the QBO E-phase (westward or negative shear). Westward propagating waves are certainly filtered or damped. Those waves have more energy than the eastward ones, as it is noted in Sect. 4.3. Over West Africa, PE does not reflect the 
Intercomparison with other observations
In southern tropical zone, Vincent and Alexander (2000) find a QBO-like variation of the energy density of dominant eastward waves with vertical wavelength ~2 km above Coco Island 12°S. The authors observe large energy density maxima when largest westward shears occur. Tsuda et al. (2004) (cf. Section 4.1.3) find very low values of KE in the range 20-25 km while the QBO is in E-phase with westward shear; an enhancement of KE is observed in the range 25-30 km while the shear becomes eastward. It is the same situation that was observed between odd and even years.
The comparison with results obtained by Zhang et al. (2012) in the African sector is difficult to carry out. Its instrument averages over 5° latitude and 10° longitude. In the African sector, the 8-year mean seasonal behaviour of potential energy PE, averaged between 21 and 34-km, reflects the distinct phases of the monsoon period as described in 3.1. However some large PE value area are observed and not explained. As the wavelength range is between 1 and 7 km then synoptic waves, like Kelvin and Rossby-GWs, the main contributors to PE, are also included.
Equatorial region
Inter-annual variability
In the equatorial area, monthly mean time series of E T , KE and even PE above Doula present a biannual modulation with a maximum in May. However the maximum range of variations is smaller than in tropical area (Fig. 16a) . The peak in October is present but its intensity has no specific periodic modulation. The main difficulty, to interpret in more details the variation and to stress general conclusion, lies in the number of missing data. The superposition of E T , KE and PE in "even" or in "odd" years does not provide any evident common pattern like the one in tropical area (figure not shown).
Main features are KE and PE maxima occurring inbetween March to June, and a noticeable variation of PE from 2 to 6 J kg −1
. Maximum of E T observed in the "even" 2006 year during the QBO E-to-W phase, is larger than those in the "odd" years, 2005 and 2007 during the QBO W-to-E phase. The occurrence of the E T maxima in May is related to the date of the northward motion of the convection from the Gulf of Guinea to the coastal region near 5°N, corresponding to the coastal phase and associated with notable changes in the low atmosphere (Thorncroft et al. 2011; Leduc-Leballeur 2011 Figure 3b shows that the lower stratospheric wind above Douala is influenced by the QBO and Fig. 16b presents the variations of E T , the zonal wind at 21 km and the OLR. waves may propagate upward. The QBO-only cannot explain the variability of E T , KE and PE, especially around May. Inter-annual convection intensity, as shown on Fig. 15b , may contribute to the inter-annual wave activity variation.
Relationship with QBO
Concluding remarks
Missing data do not permit a detailed study of the 9-year time-series of wave activity over the equator. The autumn maximum occurs every year with high KE/PE ratio value like in tropical area. The inter-annual variation of spring GW is dependent on not only the QBO phase but also the convection over the Gulf of Guinea, the date of the ITCZ shift… Those last factors have no periodicity.
Analyses of long-term series of upward flux of eastward momentum observed in the equatorial LS due to short period (~3 days), show a QBO-like variation with strongest amplitude occurring during the descending westerly regime (Maruyama 1994; Sato et al. 1994) . The authors also highlight that the momentum magnitude of disturbances with ~3-days period is as strong as long period Kelvin waves. Shimizu and Tsuda (2001) carried out daily radiosonde observations for 30 months during October 1993 and March 1996 at Bandung, Indonesia (6.9°S). They found that in the upper troposphere (UT) an annual cycle of the IGW activity with vertical scale of 2 km anti-correlated with convective activity appears, but in LS the long-term variations of the wave activity are related to the QBO structure.
Summary and conclusion
Previous recent numerical studies in stratospheric dynamics and its variability as well as climate have highlighted the need of more observational analyses to provide realistic multiscale couplings and robust parameterization in climate models in order to improve simulation of features of the WAM.
During the intensive observation periods of AMMA in 2006, high-resolution radiosonde observations at six stations in West Africa, two on the equator coast, Douala and Abidjan, four in tropical area-Bamako, Niamey, Agadez and Dakar-provide a first detailed description and annual variation of convective short scale waves with vertical wavelengths less than 4 km in the lower stratosphere (19-23 km) over West Africa. These waves are interpreted as inertia-gravity waves generated by WAM convection. Long time series (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) ) of lower resolution radiosonde observations at two stations, a tropical one, Niamey, and an equatorial one, Douala, permit to analyse the impact of the QBO phase on the wave energy densities in the LS.
The main results are as follows:
1. The geographical location, latitude as well as coast versus inland, of the six stations in 2006 permits to point out the close relationship between the annual variation of wave energy densities and the WAM one: during winter season, intrusions of convection from the Guinea Gulf onto the continent, then the ITCZ and convection progress northwards during the monsoon period and return southwards to the Guinea gulf. . Those characteristics correspond to IGWs. Their periods are related to the local inertial period by a factor around 1.7 f (median value) i.e. 25-35 h. Even if the observed waves have a quasi-isotropic geographical distribution, the temporal behaviour of zonal momentum flux exhibits a variation with WAM, maximum westward flux, with a magnitude ranging from 8.5 mPa to 11 mPa, matching strong E T regardless of the tropospheric background winds but likely in relation with the storm-relative propagation characteristics. The upward flux of meridional momentum is different from one site to another it is northwards with values between 2 and 8.5 mPa and observed from May to September during the WAM (period of strong E T ). 6. Another characteristic is the KE/PE ratio larger than 2, which suggests an enhancement of wave energy at near-inertial frequency departing from the simple 5/3 power-law form. In such conditions, as short vertical wavelengths (<4 km) and inertia-gravity waves, the potential energy, PE, may not be a proxy for convection and be used to estimate total wave energy. From above results, in tropical West Africa modelers have to pay care to data they assimilate or use for model validation. With vertical wavelengths larger than 4 km, the contribution of equatorial waves is the most important compared with that of IGWs. 7. Long-term time series of wave energy densities (from January 2001 to December 2009) in the tropics show a year-to-year variation superimposed to convective activity and QBO-like variations. They point out a similar annual variation with higher peak (>18 J kg −1 ) observed in July-August, monsoon period, during the W-phase (descending westerly winds) or even years -2002, 2004, 2004, 2006 and 2008; and erratic variations . Their periods are related to the local inertial period by a factor around 2.75 f (median value) i.e. 44-84 h. The observed waves propagate zonally, roughly equal number eastwards and westwards. The upward flux of the zonal momentum is westwards localized in May with a magnitude of 6.5 mPa. The upward fluxes of meridional momentum are positive i.e. northwards and strongest magnitudes are around 3 mPa. Temporal behaviour doesn't exhibit a clear variation in relation with E T as indicated for tropical area because of lack of data and of too small number of points. 10. A close analyse of the variances points out in a very few cases <4 the presence of Kelvin waves in a mode 2-5 or MRG. The ratio KE/PE is in between 1.5 and 2 and corresponds to the expected value assuming GW total energy spectrum scaling at ω −5/3 . 11. During the phase July-November 2006, the mean (median) intrinsic frequencies, vertical and horizontal wavelengths observed over West Africa with highresolution radiosondes are 1.2-3, ~2 and 830-1900 km respectively. The mean intrinsic phase speed is 7 m s −1 . Those characteristics correspond to IGWs. Their periods are related to the local inertial period by a factor around 1.9 (median value) i.e. 50-100 h. The observed waves propagate zonally, roughly equal number eastwards and westwards.. However waves having more energy are found to propagate westwards. The observed waves are closer to the IGWs in the tropics with KE/PE > 2. 12. For the equatorial coastal area, the convection and QBO variability impact on the year-to-year variation of wave activity during the March-June period. However no common variations are observed like in the tropics. It may due to variable time for the coastal phase i.e. when rainfall distribution peaks over the African coast around 4°N and the strength of convection. The second peak in September -October is also sensitive both to QBO phase and convection. A more complete dataset and detailed analysis are needed to draw a general conclusion.
In perspective, this study will be completed with a mesoscale modeling to deepen short vertical scale wave processes during WAM and their variabilities.
